Introduction
During the late stages of seed development (i.e. maturation and seed desiccation), proteins of different types accumulate rapidly and abundantly ( Dure et al. 1981 ) . These proteins mostly accumulate in mature embryos and are induced to accumulate in dissected immature embryos with exogenous ABA treatment ( Galau et al. 1986 ). To refl ect the high level of accumulation during this specifi c development stage, these proteins and the genes which encode them are termed LEA and LEA , respectively, for l ate e mbryogenesis a bundant. Hundreds of LEA genes of different plant species have been isolated and classifi ed into fi ve groups on the basis of their amino acid sequences and conserved motifs ( Dure et al. 1989 , Bray, 1994 . Most LEA proteins remain soluble after boiling and are highly hydrophilic, rich in some amino acid residues such as glycine, alanine and glutamate, and poor in others such as cysteine and tryptophan ( Dure et al. 1989 , Cuming 1999 , Wise 2003 . LEA genes have been proposed to play a role in osmotic protection because their expression is associated with dehydration, salinity or chilling stresses ( Dure et al. 1989 , Bray 1994 , Ingram and Bartels 1996 . Several functional studies showed that the accumulation of LEA proteins might improve plant survival during osmotic stress (e.g. Xu et al. 1996 , Swire-Clark and Marcotte 1999 , Goyal et al. 2005 , Gilles et al. 2007 . Although various studies revealed the importance of LEA proteins in desiccation tolerance or even seed development, the authentic in vivo functions of LEA proteins and their functional mechanisms still need more investigation.
Early methionine (Em) protein was fi rst identifi ed from embryos of mature wheat ( Triticum aestivum ) used for protein synthesis in a cell-free translation system ( Cuming and Lane, 1979 ) . Later, the wheat Em gene ( Litts et al. 1987 ) and its cotton ( Gossypium hirsutum ) ortholog D-11 ( Baker et al. 1988 ) were classifi ed as group I LEA genes ( Dure et al. 1989 ). More than 100 Em genes have been identifi ed from various species, including vascular and non-vascular plants, bacteria and brine shrimp ( Artemia franciscana ) (see review and the references in Shih et al. 2008 ) . The most signifi cant feature of Em proteins is a hydrophilic 20-mer motif of 1-4 repeats near the C-terminus in plants ( Delseny et al. 2001 ) or 1-7 repeats in bacteria or brine shrimp . Although the 20-mer motifs among plants, bacteria and animals have limited sequence similarities, they share a common primary sequence, GXKGGX 13 E(M/I/L). Studies of regulation or expression patterns indicated that Em genes are highly regulated and mainly triggered in mature embryos and in tissues cultured under exogenous ABA treatments (e.g. Marcotte et al. 1989 , Hughes and Galau 1991 , Parcy et al. 1994 , Espelund et al. 1995 , Calvo et al. 1997 , Bies et al. 1998 , Tsai et al. 2008 . The Arabidopsis mutant with a T-DNA insertion allele of the AtEm6 gene was found to alternate the processes of seed dehydration and maturation, which suggests that ATEM6 protein might be required for normal seed development and acquiring desiccation tolerance ( Manfre et al. 2006 , Manfre et al. 2009 ). Several plant Em proteins have been analyzed by circular dichroism (CD), nuclear magnetic resonance (NMR) or Fourier transform infrared (FTIR) spectroscopy (e.g. McCubbin et al. 1985 , Russouw et al. 1995 , Eom et al. 1996 , Soulages et al. 2002 , Boudet et al. 2006 ). The results indicated that Em proteins adopted a large amount of disordered structures, including poly( L -proline)-type II conformations, in solution. Moreover, Em proteins could adopt defi ned secondary structures after dehydration or in the presence of α -helix-promoting co-solvents.
Here, we report our characterization of a novel Em-like protein from rice, OsLEA1a (accession No. AK122153), that lacks the characteristic 20-mer motif of Em proteins. OsLEA1a locates in the short arm of chromosome 1. Massively parallel signature sequencing (MPSS)/sequencing by synthesis (SBS) and reverse transcription-PCR (RT-PCR) analysis revealed that OsLEA1a transcripts accumulate to high levels in dried mature embryos. OsLEA1a encodes a small hydrophilic and basic protein. The protein sequence is similar to that of other regular Em proteins but lacks the typical 20-mer motif; thus it is termed an 'Em-like' protein. Structural study showed that the OsLEA1a protein undergoes desiccation-induced conformational change. The results of a protein-macromolecule interaction study suggest that the dried OsLEA1a protein interacts with non-reducing sugars and phospholipids but not with poly-L -lysine (PL). Genes encoding similar Em-like proteins are present only in some cereals but not in dicot plants. Hence, the Em -like gene might have evolved after the divergence of monocot and dicot plants.
Results

Gene organization and sequence characteristics of OsLEA1a
The rice Em -like gene OsLEA1a (accession No. AK064055, MSU Rice Annotation Project LOC_Os01g06630, or Rice Annotation Project Os01g0159600) is a single-copy gene in the rice genome and locates in the short arm of chromosome 1. Sequence analysis revealed that rice OsLEA1a cDNA is 846 bp and contains a 282 bp open reading frame encoding a polypeptide of 93 amino acid residues of 10.1 kDa and pI 9.1. Analysis of the primary sequence suggested that the protein contains the N-terminal domain of typical plant Em proteins, but the C-terminal domain lacks the consensus 20-mer motif that is the signifi cant feature of Em proteins. The similarity in the N-terminus between Em-like and typical Em proteins can be 60-80 % , depending on the species. Pfam analysis ( Finn et al. 2010 ) revealed that the sequence of the OsLEA1a protein is structurally related to the LEA_5 (PF00477) domain. A similarity search revealed similar genes present only in grasses, including Oryza spp., wheat, barley ( Hordeum vulgare ), sorghum ( Sorghum bicolor ) and Brachypodium distachyon . Of note, no Em -like gene exists in the maize ( Zea mays ) genome. The alignments of deduced protein sequences are shown in Fig. 1 . All these genes contain one intron located between the fi rst and second codon of G in the conserved LAEG motif ( Fig. 1 ). This specifi c intron location is the same for all known plant Em genes. Hence, the OsLEA1a gene and other similar genes are members of the Em gene family, even though the OsLEA1a second exon does not have the 20-mer motif. Therefore, we refer to these genes as Em -like genes.
Expression of the OsLEA1a gene
The transcriptome analysis was based on three SBS libraries from developing rice seeds ( Meier et al. 2008 ) and the libraries from the RICE MPSS database ( Nobuta et al. 2007 ; http://mpss .udel.edu/rice/mpss_index.php ). The analysis indicated that the OsLEA1a transcripts appear only in developing and dried embryos. In embryos, the transcripts per million (TPM) values for OsLEA1a were 134, 1,343 and 3,144 in young, maturing and dried embryos, respectively; thus OsLEA1a is an LEA-A type gene ( Hughes and Galau, 1989 ) . The transcripts were also present in low abundance in calli (TPM = 41), which might be caused by a high salt condition in the cultured media. No transcript was present in vegetative tissues with or without abiotic stresses ( Supplementary Fig. S1 ). We also performed a search for the expressed sequence tag (EST) profi le in the current EST databases (as of the end of March 2010) with the Em-like protein sequence used as a query. We found 405 OsLEA1a ESTs from rice, fi ve Em -like ESTs from sorghum, 18 Em -like ESTs from wheat and eight Em -like ESTs from barley seed, embryo, panicles or callus. Only 20 OsLEA1a ESTs were indentifi ed from other libraries such as mixed tissues, UVC-irradiated shoots, or unidentifi ed tissues ( Supplementary Table S1 ). Thus, the Em -like genes are expressed mainly in developing or matured embryos. RT-PCR and immunoblot analyses were performed to confi rm the transcriptome fi ndings and the expected translation products ( Supplementary Fig. S2 ). The mRNAs of OsLEA1a were detectable only in embryos and callus. In addition, OsLEA1a was not responsive to ABA or other osmotic stresses in vegetative tissues. Moreover, OsLEA1a protein accumulated only in mature embryos, which suggests posttranscriptional regulation. Therefore, OsLEA1a is an embryospecifi c gene under regular growth conditions. The transcripts were detectable in callus but not other stress conditions.
Protein secondary structures in solution
The secondary structures of the OsLEA1a protein were analyzed in a diluted (10 mM) potassium phosphate buffer by far-UV CD spectroscopy ( Supplementary Fig. S3 ). The protein contained high amounts of disordered structures and some defi ned secondary structures. Moreover, the defi ned secondary structures of the OsLEA1a protein were increased in the presence of SDS or trifl uoroethanol (TFE). The Dichroweb package ( http://dichroweb.cryst.bbk.ac.uk ) ( Whitmore and Wallace 2008 ) was used to calculate protein secondary structure contents. The secondary structures were decomposed into helix1, helix2, strand1, strand2, turns and disordered conformations of the protein in 4 % SDS, 50 % TFE and 75 % TFE ( Table 1 ) . As compared with the structures of OsLEA1a without α -helix-promoting co-solvents, 4 % SDS, 50 % TFE and 75 % TFE increased the helical conformations 2.5, 4.4 and 5.2 times, respectively. Other secondary structures signifi cantly decreased: 37, 63 and 63 % for strand structures, 13, 54 and 71 % for turns, and 14, 32 and 46 % for disordered conformations, respectively. These results indicate that TFE is more effi cient to induce the formation of α -helical conformations of the OsLEA1a protein. Helix1, helix2, strand1 and strand2 indicate a regular α -helix, distorted α -helix, regular β -strand and distorted β -strand, respectively. 
Structural analysis of OsLEA1a protein in a dry state
The structure of the OsLEA1a protein in a dry state was studied by analysis of infrared (IR) amide I (1,700-1,600 cm − 1 ) and amide II (1,600-1,500 cm − 1 ) bands arising mainly from the C = O stretching vibration, as well as N-H bending vibrations of the peptidic bond. Fig. 2A illustrates the FTIR spectra obtained from the protein with or without sucrose after different drying processes. We found no signifi cant change in the curve shape or maximum bands (1,657 cm − 1 ) at amide I in all spectra. However, at the amide II region, the maximum bands shifted from 1,538/1,539 cm − 1 for samples under fast drying (lines a and c) to 1,546/1,550 cm − 1 for those under slow drying (lines b and d).
The difference spectra were obtained by spectra subtraction, and the amide I and amide II regions of these spectra are illustrated in Fig. 2B (fast drying) and Fig. 2C (slow drying). Both difference spectra showed a similar shape, with two positive bands at 1,655/1,657 and 1,555/1,552 cm − 1 and three negative bands at 1,693/1,695, 1,607/1,611 and 1,511/1,509 cm − 1 . The fi ndings suggest that sucrose increases the α -helix levels and decreases the β -sheet/aggregated strand levels of OsLEA1a after dehydration. Of note, a broad amide II band in the region 1,590-1,542 cm − 1 was detected in the difference spectra for slow-dried samples, and a small amide II band in the region 1,564-1,542 cm − 1 was observed in fast-dried samples. These results indicate that the levels of N-H bending vibrations are changed after slow drying or in the presence of sucrose. Table 2 lists the corresponding parameters (i.e. band position, percentage area and assignment) of OsLEA1a measured by band curve fi tting of the original spectra in the presence or absence of sucrose after fast or slow drying. The major component in the amide I region appeared at 1,655-1,659 cm − 1 , which could be assigned to an α -helix. Other high-frequency components at 1,638-1,642 cm − 1 and 1,670-1,685 cm − 1 could be assigned to 3 10 -helix/loops and β -turns, respectively. Finally, low-frequency components appeared at 1,613/1,613, 1,625-1,629 and 1,691-1,693 cm − 1 . They could be assigned to the intermolecular β -sheet/side chain (1,613/1,613 cm − 1 ) and β -sheet (the remaining two components). In the absence of sucrose, as compared with fast drying, slow drying signifi cantly increased the 16.7 % α -helix conformations to 52.9 % , and induced To obtain difference spectra (B) and (C), subtraction of the two absorption spectra involved use of a factor that led to the 1,700-1,600 cm − 1 interval (amide I) having the same positive and negative area. The arrows indicate the abundant areas in each sample. a 17.6 % decrease in the β -turns to 20.5 % . In the presence of sucrose, fast drying and slow drying induced a 14.7 and 23.7 % increase in the α -helix conformations to 50.9 and 59.9 % , respectively, and a 8.5 and 21.1 % decrease in the β -turn structures to 29.6 and 17.0 % , respectively. In addition, the different drying rate and addition of sucrose caused slight effects on the proportion of β -sheet and 3 10 -helix/loop structures, which displayed only a 0.7-4.9 % increase or decrease. Therefore, slow drying and sucrose have large effects on the secondary structures of OsLEA1a, and most differences involve the ratio between the α -helix and β -turn conformations.
OsLEA1a protein interacts with phospholipids
To obtain insight into the molecular organization of the protein-lipid systems under dehydrated conditions, we measured the phase transition temperature ( T m ) and the phosphate group vibration of lipid systems by FTIR. Neutral or negative lipid systems were prepared from pure 1,2-dioleoylphosphatidylglycerol (DOPG) and 1-palmitoyl-2-oleoyl-3-snphosphatidylcholine (POPC) by ultrasonication, and the lipid systems with or without proteins were then dehydrated under fast or slow drying conditions. For pure POPC in the dry state, T m is about 62 ° C in fast-dried samples and 57 ° C in slow-dried samples ( Fig. 3A ) . The presence of OsLEA1a protein affected the melting behavior of the lipids in both the fast-and slowdrying conditions, whereas the shift in wave number was about 34 ° C ( Fig. 3A ) . For pure DOPG in the dry state, T m is about 70 ° C in fast-dried samples and 64 ° C in slow-dried samples ( Fig. 3C ). The presence of OsLEA1a protein had a large effect on the melting behavior of the lipids in the fast-and slow-drying conditions, whereas the primary shift in wave number was not detectable at − 20 ° C. However, a minor transition in the fastdried protein-DOPG sample was detected at the T m value of dry DOPG, which probably indicates that not all protein molecules are in contact with phospholipids. By analyzing the asymmetric stretch vibration from 1,300 to 1,200 cm − 1 , the interaction of the phosphate group with other molecules can be studied ( Crowe et al. 1996 , Hoekstra et al. 1997 , Tsvetkova et al. 1998 . In this study, fast-dried POPC peaked at 1,257 cm − 1 and slow-dried POPC at 1,243 cm − 1 . This signifi cant band shift may be caused by enhanced hydrogen binding of water molecules to phosphate groups under slow drying ( Wong and Mantsch 1988 ) . However, dried OsLEA1a-POPC matrixes peaked at 1,249/1,250 cm − 1 (fast/slow). Therefore, OsLEA1a only partially interacts with phosphate groups ( Fig. 3B ). This situation may be caused by the interruption of the large hydrophobic choline heads. Dried DOPG gives two peaks at 1,258 and 1,240 cm − 1 , whereas dried OsLEA1a-DOPG matrixes peaked at 1,236/1,232 cm − 1 (fast/slow). Taking into consideration the highly hydrophilic head in DOPG, this clear shift suggests the direct interaction between OsLEA1a and the phosphate group of DOPG ( Fig. 3D ).
OsLEA1a does not interact with poly-L -lysine
Previous studies showed that soybean LEA 4 protein could refold the PL structures from the β -sheet to the α -helix ( Shih et al. 2010a ) . To study the function of the protein-protein interaction of Em-like proteins, we produced FTIR spectra of slow-dried PL, OsLEA1a, bovine serum albumin (BSA) or lysozyme, alone and in a 1 : 1 (w/w) mixture with PL ( Fig. 4 ) . The amide I bands of PL showed two peaks at 1,625 and 1,695 cm − 1 on slow drying, which indicates the β -aggregation ( Fig. 4 , purple region). Slow-dried OsLEA1a, BSA or lysozyme alone adopted mainly α -helical structures, thus resulting in an amide I band at 1,656 cm − 1 ( Fig. 4 , indigo, green or yellow region) . The spectra of the protein-PL mixtures illustrate that BSA prevented the conformational shift to the β -sheet of PL in the slow-dried mixture ( Fig. 4 , orange region) . However, OsLEA1a, similarly to lysozyme, did not prevent the aggregation ( Fig. 4 , blue and red region). These results suggest that OsLEA1a does not affect the conformations of other proteins under slow-drying conditions.
OsLEA1a evolution in cereal plants
The reference genome sequences of four grasses, i.e. rice ( International Rice Genome Sequencing Project 2005 ), sorghum ( Paterson et al. 2009 ), maize ( Schnable et al. 2009 ) and B. distachyon ( International Brachypodium Initiative 2010 ) , provide an opportunity to study the genome organization of the Em -like gene locus. OsLEA1a and its 80 fl anking genes were used as a query to identify the longest orthologous regions in the other three genomes and to establish the syntenic position among these genomes. (assigned the names os1-os38 , as listed in Supplementary  Table S2 ). The sequence collinearity with the other three genomes is as follows. In the B. distachyon genome, the locus has 8.9 Mb and consists of 36 predicted genes ( bd1-bd36 ) and three non-collinear segments (from 1.15 to 6.13 Mb), and locates at the short arm of chromosome 2. The sorghum locus has 496 kb, consisting of 40 predicted genes with four retrotransposons ( sb1-sb40 ) and three non-collinear segments (from 51 to 163 kb), and locates at the short arm of chromosome 3. The maize locus is 21 Mb consisting of 42 genes with 17 retrotransposons ( zm1-zm42 ) and eight non-collinear segments (from 81 to 19.54 Mb), and locates at the short arm of chromosome 3. No similar locus was found in the available reference genomes of dicot plants (data not shown). In general, the above four cereal fragments contain similar gene contents and order, but several genome rearrangements can be observed. With minor exceptions in the maize genome, the orientation of sorghum and maize Em -like loci is reversed as compared with the rice locus. In the B. distachyon Em -like locus, the orientation of bd23-bd35 , including bd24 ( B. distachyon Em -like gene), is the same as the corresponding segment of rice ( os1 , os2 and os34 to os38 ). Of note, the segment between bd23 and bd35 contains a 1.44 Mb non-collinear segment. The genes corresponding to rice os3-os29 locate upstream of bd23 and are separated by a 1.15 Mb non-collinear segment, which suggests that parts of the B. distachyon genes in the Em -like locus inverted at least once. Despite the retrotransposons, Em -like loci of all the four genomes contain three, 15, four and fi ve non-homologous genes for rice, B. distachyon , sorghum and maize, respectively. In contrast, the genomes share 29, 21, 32 and 22 homologous genes, respectively. The difference in most homologous gene numbers is caused by duplication and deletion. However, the theoretical position of Em -like genes in the maize genome consists of a series of nested retrotransposons ( zm4-zm17 , including two non-homologous genes), which indicates that nested retrotransposition caused the loss of the maize Em -like gene.
On the basis of the current phylogenetic trees of grasses, the lineages and approximate evolutionary timing of the Em -like loci could be established. Fig. 6 illustrates the cladistic analysis of the origin of these loci from a common ancestor. According to current phylogenetic trees of the grasses, Oryza spp., wheat, barley and B. distachyon are classifi ed into the BEP clade, whereas sorghum and maize are included in the PACCMAD clade (see review in Bouchenak-Khelladi et al. 2008 ) . Because the divergence of Ehrhartoideae, including Oryzeae and Ehrharteae, took place immediately after the divergence of the BEP ancestor (see review in Glemin and Bataillon, 2009 ) , and the rice genome showed relative stability, the genome orientation and gene organization of the common ancestor might be more similar to those of the current rice genome. Em -like genes fi rst appeared at least at the common ancestor of species within BEP and PACCMAD clades, or 50-60 million years (Myr) ago [the approximate evolutionary time scale is based on Glemin and Bataillon (2009) 
Discussion
Molecular characteristics of OsLEA1a
In the present study, we studied a novel rice Em -like gene, OsLEA1a . High sequence similarity in the N-terminus and the same exon junction site in both typical Em and Em -like genes indicate that the two types should have a close relationship in evolution. Because of an unknown mechanism of gene rearrangement, the Em-like protein lost the 20-mer motif, the most signifi cant feature of Em proteins. The results of transcriptome, digital Northern and RT-PCR analyses showed Em -like mRNAs present mainly in embryos. Most of the studied plant Em genes are expressed in maturing embryos, somatic embryos or seeds (e.g. Raynal et al. 1989 , Hughes and Galau 1991 , Espelund et al. 1992 , Parcy et al. 1994 , Calvo et al. 1997 ). However, transgenic plants harboring the promoter of plant Em genes, such as wheat Em ( Marcotte et al. 1989 , Bostock and Quatrano 1992 ) or moss ( Physcomitrella patens ) PpLEA-1 ( Knight et al. 1995 , Kamisugi and Cuming, 2005 ) , showed responsiveness to ABA, salt or mannitol in embryos or vegetative tissues. In non-plant systems, RNA blotting and proteomics analysis also showed the expression of the bacterial or animal Em gene, and its encoding proteins accumulated under various biotic or abiotic stresses ( Mueller et al. 1992 , Völker et al. 1994 , Wang et al. 2007 , Sharon et al. 2009 ). Therefore, although most of the Em genes are expressed in maturing seeds or embryos, they can also be induced by ABA or other stresses.
In higher plants, the ABA-responsive element (ABRE) with an ACGTG core sequence is an important cis -element for ABA regulation ( Marcotte et al. 1989 ) . Previous work had demonstrated that multiple ABREs (e.g. ABRE-ABRE pairs) or a minimal ABA-responsive complex (ABRC) can confer ABA-mediated responsiveness ( Shen et al. 1996 , Hobo et al. 1999 , Gómez-Porras et al. 2007 ). We used the web-based PlantCARE search program ( Lescot et al. 2002 ) to analyze the promoter region, which is the 1,000 bp upstream sequences of the predicted or verifi ed translational start codon (ATG), of rice, sorghum and B. distachyon Em -like genes ( Fig. 7 ) . Interestingly, the promoters of three Em -like genes contained effective ABREs or an ABRC. This analysis suggests that Em -like genes, like typical Em genes, might be induced by ABA or environment stresses under particular conditions. For example, both transcriptome and digital Northern results detected OsLEA1a mRNA in callus. However, the detailed regulation mechanism still needs further investigation.
The interaction between OsLEA1a protein and macromolecules
Seed LEA proteins accumulate to high levels at the late maturation stage; thus, these proteins exist in a dehydrated condition. Most importantly, the accumulation of LEA proteins is tightly associated with the accumulation of non-reducing sugars, such as sucrose and raffi nose. For example, the sucrose contents of mature rice embryos vary from 25 % in Japonica to 30 % in Indica on the basis of dry mass ( Zhu et al. 2006 ) . Previous work also indicated that LEA proteins were involved in the formation of glasses ( Wolkers et al. 1998a , Wolkers et al. 2001 , Shih et al. 2004 , Shih et al. 2010a ). Thus, the relationship between LEA proteins and non-reducing sugars is important in desiccation tolerance. By using FTIR spectroscopy, we studied the secondary structures of OsLEA1a and the effect of drying and sucrose on its structural properties. Our results indicate that the band shifts of the amide II region N-H bending vibrations are caused by slow drying-and sucrose-induced conformation change (mainly from β -turns to α -helices). The critical factor of the above observation may be the water molecules. Both LEA proteins and sucrose were proposed to absorb water molecules effi ciently ( McCubbin et al. 1985 , Goyal et al. 2003 . Under slow drying, LEA proteins have more chance to retain water molecules, and then the inter-and intramolecular hydrogen bonds are established. In addition, sucrose was suggested to replace water molecules under drought or desiccation conditions ). Hence, the interaction between protein and sucrose probably induced the high amounts of defi ned secondary structures in OsLEA1a proteins.
In our previous work, soybean LEA IV proteins interacted with phospholipids after fast or slow drying. The proteins also changed the structures of PL from β -aggregation strains to α -helices under slow drying ( Shih et al. 2010a ). Non-reducing sugars could interact with phospholipids during dehydration ( Vereyken et al. 2003 ) and could prevent the aggregation of PL during slow drying ( Wolkers et al. 1998b ). Hence, the chemical features of LEA proteins seem to be important for the interaction with other macromolecules. Although the primary sequence of the rice OsLEA1a protein differs greatly from that of soybean LEA IV proteins, the composition of amino acid residues is similar. Therefore, whether the functioning of LEA proteins is based on protein structures or on chemical features of amino acid residues is of interest. Similar to soybean LEA IV proteins, rice OsLEA1a protein interacts with phospholipids ( Fig. 3 ) . In addition, large choline heads interfere with the interaction between OsLEA1a and phosphate groups. However, the OsLEA1a proteins failed to affect the conformations of PL during slow drying ( Fig. 4 ) . The analysis of the soybean typical Em protein, GmPM11, revealed the same phenomena. These results indicate that chemical features of the amino acids of LEA proteins per se are not the only factor for the protein to function as molecular chaperones. The tertiary structures or known domain of each specifi c LEA protein in the dry state might be important.
The Em-like gene exists only in grass genomes
The analysis of collinear maps provides insights into the nature and frequency of the chromosomal rearrangement exemplifi ed by OsLEA1a and other Em -like loci. In the rice genome, only a duplication and three non-homologous insertions occurred. In contrast, the maize and B. distachyon genomes underwent signifi cant genome rearrangement as shown by the number of gene deletions, large non-collinear segment insertions or inversion. The physical position of the maize Em -like gene might be a hot spot for retrotransposition because of a nested retrotransposon insertion. Likewise, the large segment inversion occurring in the B. distachyon Em -like locus suggests genome instability. The sorghum Em -like locus represents an intermediate between rice and B. distachyon /maize because of restricted gene variation and relatively short non-collinear segment insertions. Hence, in comparing the frequency of gene insertions, deletions, non-collinear segment insertions or genome rearrangements, the rice OsLEA1a locus is relatively stable, whereas maize and B. distachyon Em -like loci are unstable, and the sorghum genome is intermediate. Similar observations were found in the rice adh1 locus ( Ilic et al. 2003 ) and Hd1 locus ( Sanyal et al. 2010 ) . These results agree with previous fi ndings that the rice genome contains a highly conserved genome structure relative to other grass genomes ( Ramakrishna et al. 2002 , Ilic et al. 2003 , Sanyal et al. 2010 . From the time scale of the divergence of BEP and PACCMAD clades ( Fig. 6 ) and the genomic stability, the inverted orientation of Em -like loci between BEP and PACCMAD clades might have taken place in the PACCMAD ancestor. However, the current database cannot provide more information to predict the evolution.
Possible functions of Em-like proteins
Although the functions of most studied LEA proteins are related to desiccation, the protein may have additional functions. The null mutant of the Arabidopsis AtEm6 gene, which contains a T-DNA inserted in the 3 ′ -untranslated region of the gene, displayed seed pre-maturation ( Manfre et al. 2006 ) . Recent work indicated that the hydrophobic MtPM25, an LEA V protein, could prevent protein aggregation better than the hydrophilic MtEm6 ( Boucher et al. 2010 ) , and Artemia franciscana Em proteins with eight 20-mer motifs had only a weak effect in preventing heat-induced protein aggregation ( Sharon et al. 2009 ). The present data and our recent analysis also indicate that rice OsLEA1a (Em-like) and soybean GmPM11 (typical Em6 type) ( Shih et al. 2010b , M.-D. Shih and Y.-I. C. Hsing in preparation) cannot affect the structure of PL under slow drying. Therefore, these results suggest that the main function of Em and Em-like proteins might not be solely as a molecular chaperone. The function of the conserved motifs in LEA proteins is intriguing. As is widely known, LEA I to LEA III proteins contain uniquely conserved motifs. Previous studies hypothesized that the conserved motifs of LEA proteins adopted defi ned secondary structures for carrying out unique functions during dehydration. For instance, the S-segment of LEA II proteins was reported to be phosphorylated and then targeted to nucleoli or gained calcium-binding properties ( Jensen et al. 1998 , Heyen et al. 2002 , Riera et al. 2004 ). In addition, the repeat numbers of the LEA III 11-mer motifs were suggested to be associated with cryoprotective activity ( Honjoh et al. 2000 ) . All these studies show that Em6 and Em-like proteins share similar biophysical and biochemical features ( Boudet et al. 2006 , Gilles et al. 2007 , which suggests that the loss of the 20-mer motif does not affect the functions of Em proteins. Of note, 20-mer motifs represent most of the amino acid residues in animal and bacterial Em proteins ( Mueller et al. 1992 , Wang et al. 2007 ). The functions of animal or bacterial Em proteins may still rely on their 20-mer motifs, although the mechanism is still not known. Rice ( O. sativa , ssp. japonica, cv. TNG67) 4 , and in a growth chamber with 16 h light/8 h darkness at 28 ° C/24 ° C for stress treatment. Young (5-10 d after pollination), maturing (30 d after pollination) or dried (after harvesting and dehydration) embryos were dissected from seeds. Three-leaf-old seedlings of control plants or those treated with 20 and 50 µM ABA, 50 and 150 µM NaCl, 23 % polyethylene glycol (PEG) 6000 for 1 or 3 d or drought for 1 or 2 h were harvested. Callus was induced from mature seeds in NB media. All materials were frozen in liquid nitrogen and stored at − 80 ° C until use.
Materials and Methods
Plant materials
RNA extraction, SBS transcriptome construction and RT-PCR
About 500 mg of rice embryos of different development stages were ground with liquid nitrogen, and their total RNA was extracted with TRIzol reagent (GibcoBRL) for construction of SBS transcriptomes and RT-PCR as previously described ( Huang et al. 2009 ). The construction of SBS transcriptomes was performed by Solexa (now Illumina Inc.). Signature annotation was performed by complete 20-mer matching to the RAP3 database ( http://rapdb.dna.affrc.go.jp/ ) and MSU rice annotation database version 5 ( http://rice.plantbiology.msu .edu/ ). For RT-PCR, fi rst-strand cDNA was synthesized with an oligo(dT) 20 primer and then subjected to PCR with primers (primer 1, 5 ′ -TCGCCGAAGGGCGTAAGAAGGGA-3 ′ ; primer 2, 5 ′ -AGTAGCTAGGGCAGTACGTGAAG-3 ′ ). The PCR involved 30 cycles of denaturation for 60 s at 95 ° C, annealing for 45 s at 54 ° C and extension for 60 s at 72 ° C. PCR products were sizefractionated on 2 % agarose gels ( Sambrook and Russell 2001 ) .
Protein extraction and immunoblotting
Total soluble proteins of rice embryos or seedlings were extracted as previously described ( Huang et al. 2009 ) . A 50 µg aliquot of total soluble proteins was separated by 1-D 12.5 % SDS-PAGE, followed by Coomassie blue staining or Western blot analysis. Immunoblotting procedures were described previously ( Shih et al. 2004 ). The rabbit serum against OsLEA1a was used for primary labeling. The signals were then amplifi ed by goat anti-rabbit AP-conjugate antibody (Sigma) (1 : 5,000 dilution). The color substrates (Roche) were used for protein detection.
Bacterial strains and media
Escherichia coli strains XL1-Blue and BL21(DE3) were used as the hosts. XL1-Blue was used for cloning plasmids, and BL21(DE3) was used for expressing recombinant proteins and growth analysis. All cultures were grown in LB-medium in the presence of 50 µg ml − 1 carbanicillin or 50 µg ml − 1 kanamycin at 37 ° C.
Recombinant plasmid construction, expression, and purifi cation of products
Recombinant DNA techniques were essentially as described ( Sambrook and Russell 2001 ) . The Nde I-Xho fragment of OsLEA1a containing the coding region was ligated to the Nde IXho fragment of the pET28a T7 expression vector (Novagen). The recombinant plasmid pETOsLEA1a was introduced into E. coli cells, and the expression of the recombinant protein was enhanced by induction with 1 mM isopropyl-β -Dthiogalactopyranoside (IPTG). Purifi cation of recombinant OsLEA1a protein was as described ( Shih et al. 2010a ) . Purifi ed recombinant proteins were confi rmed by N-terminal sequencing and molecular mass determination before structural analysis or antibody production.
Spectroscopy analysis
In total, 10 µM of OsLEA1a protein solution in 10 mM potassium phosphate buffer (pH 7.0) was analyzed by CD spectropolarimetry (Model J715, Jasco), with 0.1 cm optical path length cells (Model RTE 111, Neslab) . The acquisition parameters were 0.1 nm resolution, 1.0 nm bandwidth, 2 s response and 260-185 nm ranges.
FTIR spectroscopy was performed as described ( Shih et al. 2010a ) . Protein samples on circular (2 × 13 mm) CaF 2 IR windows were recorded by FTIR spectrophotometry (model 1725, PerkinElmer) equipped with a liquid nitrogen-cooled mercury/cadmium/telluride detector and a PerkinElmer microscope. Each sample was sealed between two IR windows with use of a rubber O-ring and mounted into a temperaturecontrolled brass cell. All procedures were performed in a dry box [3 % relative humidity (RH)] to prevent rehydration or H 2 O vapor exchange. The temperature of the cell was regulated by a computer-controlled device with a liquid nitrogen pump for heating the cell. Spectra were recorded every 1 min at increments of 1.5 ° C min − 1 . The acquisition parameters were 4 cm − 1 resolution, 32 co-added interferograms and 3,600-1,000 cm − 1 wave number range.
Sample preparation
PL (average mean mol. wt. 57.4 kDa), lysozyme (EC 3.2.1.17, from chicken egg white), sucrose, SDS and TFE were from Sigma; DOPG and POPC were from Avanti Polar Lipids; and BSA was from Roche. In total, 10 µM recombinant protein solution in 10 mM potassium phosphate buffer (pH 7.0) was used for CD spectroscopy. Protein/SDS or protein/TFE samples were prepared fresh before measurement. The sample preparations for FTIR spectroscopy were slightly modifi ed from those of Wolkers et al. ( 1998b Wolkers et al. ( , 2001 . Dry protein, protein/sugar (1 : 1 mass ratio), protein/phospholipid (2 : 1 mass ratio) or protein/ PL (1 : 1 mass ratio) fi lms were prepared by slow or fast air drying of an 8 µl droplet of 20 mg ml − 1 protein solution in H 2 O on the IR windows. Fast drying was at room temperature with a stream of dry air (3 % RH) for at least 3 h. Slow drying was at room temperature in a ventilated container at 65 % RH generated by a saturated sodium nitrite solution for 48 h, then the sample was air dried for another 3 h at room temperature with 3 % RH.
Data analysis
The characteristics of protein primary sequences, including amino acid contents, pI values, net charges and molecular weight, were analyzed by use of the European Molecular Biology Open Software Suite (EMBOSS v6.0.1; Rice et al. 2000 ) . BLAST algorithms were used for similarity searches ( Altschul et al. 1990 ). The Pfam protein families database ( http://pfam.sanger .ac.uk/ ) ( Finn et al. 2010 ) was used to search for the possible Pfam domain. CD-spectral deconvolution and protein secondary structure contents were calculated by use of CONTIN methods ( Sreerama and Woody 2000 ) with Dichroweb ( http:// dichroweb.cryst.bbk.ac.uk ) ( Whitmore and Wallace 2008 ) . FTIR spectra analysis and display involved use of Spectrum v3.5 (PerkinElmer). For protein studies, the spectral region between 1,800 and 1,500 cm − 1 containing the amide I and amide II absorption bands was selected. Subtracted spectra were calculated by use of PerkinElmer software with a three-point smoothing factor. Secondary structure assignment was according to Byler and Susi (1986) and Marsh et al. (2000) . The search for promoter cis -elements involved the PlantCARE search program ( http://bioinformatics.psb.ugent.be/webtools/ plantcare/html/ ) ( Lescot et al. 2002 ) .
Supplementary data
Supplementary data are available at PCP online.
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